ABSTRACT To determine an optimal dose for coccidial inoculation and to evaluate genetic resistance or susceptibility in individual chickens, broilers were inoculated with four different doses of Eimeria maxima oocysts. Body weight gain, fecal oocyst shedding, concentrations of plasma NO 2 -+ NO 3 -, carotenoid, and interferon-γ were measured at two different time periods postinfection. The results showed significant dose and sex effects on most parameters and interaction between dose and sex in some parameters. The dose effects were generally linear; how-
INTRODUCTION
Coccidiosis continues to impose a significant economic impact on the poultry industry. Chemotherapy and vaccination are the current strategies of disease control. Because DNA markers are available for genotyping and quantitative trait locus (QTL) mapping in the chicken (Cheng and Crittenden, 1994) , disease control based on host genetic resistance becomes an attractive alternative approach. Disease resistance to coccidiosis can be considered as a quantitative trait. In contrast to other quantitative traits, such as growth and egg production, disease resistance is usually difficult to measure. In avian coccidiosis, it is almost impossible to measure genetic resistance directly in a feasible way, especially when dealing with individuals. Instead, BW gain, lesion score, feed conversion, and oocyst shedding are measured after chickens are inoculated with an equal amount of oocysts to reflect the resistant or susceptible status of the individuals (Martin et al., 1986; Lillehoj and Ruff, 1987; Lillehoj, 1988; Lillehoj et al., 1989; Bumstead and Millard, 1992; Nakai et al., 1993; Bumstead et al., 1995; Caron et al., 1997; 1 The research project was financially supported by Fund for Rural America, Grant No. 974985. 2 To whom correspondence should be addressed: hlilleho@lpsi. barc.usda.gov. 619 ever, some significant quadratic effects were also observed. The measurements from chickens inoculated with 10 4 oocysts displayed the highest correlation coefficients among oocyst shedding, body weight gain, and concentrations of carotenoid and NO 2 -+ NO 3
-. An infection index, calculated from the correlated parameters, displayed high correlation coefficients with the parameters. The infection index may be a better parameter for evaluating individual genetic resistance against coccidial infection.
Pinard- Van Der Laan et al., 1998) . Some indirect measurements are often complicated by other genetic factors that may not affect genetic resistance or susceptibility. These indirect measurements are usually weakly correlated to each other (Bumstead and Millard, 1987; Caron et al., 1997; Idris et al., 1997) . Disease indices have been used to include more information in a QTL mapping study of Marek's Disease to overcome this disadvantage (Vallejo et al., 1998) .
Different resistance to coccidiosis has been observed in inbred and outbred chicken lines (Martin et al., 1986; Lillehoj and Ruff, 1987; Lillehoj, 1988; Lillehoj et al., 1989; Nakai et al., 1993; Bumstead et al., 1995; Caron et al., 1997; Pinard-Van Der Laan et al., 1998) . In these studies, fecal oocyst shedding, intestinal lesion scores, and BW gain are the most commonly measured parameters for the evaluation of genetic resistance. Plasma constituents, such as carotenoid and NO 2 -+ NO 3 -concentrations, have been included in some studies of chickens with coccidiosis (Conway et al., 1993; Allen, 1997a,b; Allen and Lillehoj, Abbreviation Key: BW0 = BW before inoculation, BWG0-6 = BW gain between inoculation and 6 d PI; BWG0-9 = BW gain between inoculation and 9 d PI; BWG6-9 = BW gain between Days 6 and 9 PI; CRTN6 = plasma carotenoid concentration at Day 6; CRTN9 = plasma carotenoid concentration at Day 9; IFN = interferon-γ; IFN9 = IFN-γ ELISA OD reading of plasma collected at Day 9 PI; II = infection indexes; NO6 = NO 2 -+ NO 3 -concentrations in plasma collected at Day 6; NO9 = NO 2 -+ NO 3 -concentrations in plasma collected at Day 9; PI = postinoculation; QTL = quantitative trait locus. 1998). Additionally, interferon-γ was found to be produced in higher quantities by in vitro-cultured lymphocytes from coccidial chickens as compared with those from noninfected chickens (Byrnes et al., 1993; Martin et al., 1994; Breed et al., 1997) . These parameters may be useful in measuring host immunity during avian coccidiosis. Limited studies have demonstrated which parameters better reflect the nature of genetic resistance to coccidiosis. No extensive analysis of correlation between these parameters has been reported. To determine which parameters are more useful for mapping loci involved in genetic resistance against coccidiosis in studies using microsatellite DNA markers, we challenged commercial broiler chickens with different doses of Eimeria maxima oocysts. The data collected from individual chickens were statistically analyzed to determine the relationships between the measurements.
MATERIALS AND METHODS

Animals
One hundred broiler chicks (50 males and 50 females) were obtained from a commercial hatchery at the day of hatch. The chickens, F 1 , were produced from a cross between a commercial sire and a commercial dam line selected for growth and egg production, respectively. The chickens were raised in a specific pathogen-free housing facility to 4 wk of age. Birds were then transferred to a disease-challenging facility and were raised in individual battery cages. Chickens were provided with SSC -244050 24% Broiler Starter Chicken Feed by Southern States Cooperative, Inc., 3 and were allowed access to feed and water ad libitum. Continuous lighting was provided.
Coccidiosis Challenge
A field strain of E. maxima that was isolated from the Eastern Shore was used for challenge. Fifty males and 50 females (4 wk old) were randomly and evenly assigned to five treatment groups for each sex with 10 birds per group. Each chicken in the four female and four male groups was orally inoculated with 1 mL oocyst suspension containing 10 
Body Weight Gain
All chickens were weighed at Days 0, 6, and 9 postinoculation (PI); these weights were designated as BW0, BW6, and BW9, respectively. Three BW gains, BWG0-6, BWG6-9, and BWG0-9 were calculated for the weight gain from Days 0 to 6, 6 to 9, and 0 to 9 PI, respectively. 
Oocyst Count
One fecal sample was collected from each individual starting from Day 5 PI and continuing for 4 d. Each fecal sample was ground by using a blade grinder in a final volume of 3 L water. Two 35-mL samples were collected from each homogenized fecal suspension. The samples were stored at 4 C prior to counting. Oocyst counts were conducted with the method described by Lillehoj and Ruff (1987) . The total oocyst numbers were calculated with the following formula: total oocyst number = oocyst count × dilution factor × (fecal sample volume/counting chamber volume).
Plasma Sampling
Blood samples were collected from each bird in sodium EDTA on Days 6 and 9 PI. The plasma was recovered by centrifugation and, part of each sample was further processed by spin-filtration through Centricon-30. 4 The plasma samples and filtrates were stored at -20 C until analysis.
Plasma Carotenoid and NO 2 -
+ NO 3 -
Concentrations
The methods described by Allen (1997a) were used to analyze carotenoid and NO 2 -+ NO 3 -concentrations in plasma filtrates. Carotenoids were measured and expressed as micrograms of lutein equivalents per milliliter, and NO 2 -+ NO 3 -concentrations were measured and expressed as micromolar. Carotenoid concentrations at Days 6 and 9 PI were CRTN6 and CRTN9; NO 2 -+ NO 3 -concentrations at Days 6 and 9 PI were NO6 and NO9, respectively.
Assay of Interferon-γ Concentration
An ELISA was used to measure chicken plasma interferon-γ (IFN-γ) concentrations (Yun et al., 2000) . Briefly, individual wells of 96-well plates 5 were coated with 60 µL unfiltered plasma sample and 40 µL 0.1 M carbonate buffer, pH 9.6, 6 for 18 h at 4 C. The wells of all plates were blocked for 1 h at room temperature with 200 µL PBS containing 2% BSA. Mouse anti-chicken IFN-γ monoclonal antibody (100 µL of 20 µg/mL) was added to each well, and the plates were incubated at room temperature for 30 min. One hundred microliters of 1:5,000 diluted goat anti-mouse IgG-conjugated horseradish peroxidase 6 in PBS containing 0.1% BSA was added to each well and incubated for 1 h at room temperature. One hundred microliters of a horseradish peroxidase substrate solution (1 mg of 3,3′,5,5′-tetramethylbenzidine dihydrochloride 5 in 10 mL of 0.05 M phosphate-citrate buffer, pH 5.0, 6 and 200 µL of 3% hydrogen peroxide) was added to each well. The reactions were stopped by adding 50 µL of 2 M H 2 SO 4 after color development was complete. The absorbance of each well at 450 nm was read by an automated spectro-photometer. 7 The plates were washed three times between each step with PBS containing 0.05% Tween 20. Plasma samples collected at Day 9 PI were used for IFN-γ measurements. The IFN-γ concentration was indirectly expressed as the OD reading of ELISA (IFN9).
Statistical Analysis
Data were analyzed with SAS software (SAS Institute, 1996) . The statistical model of the experiment was
where Y ijk is observation k for sex j and treated with dose i, d i is the effect of inoculation dose i, s j is the effect of sex j, d i × s j is the interaction between doses and sexes, and ε ijk is the residual of observation k for sex j and treated with dose i. The general linear model procedure was used to test the significance of this statistical model. Duncan's multiple-range test was applied to determine the differences between groups (Zar, 1984) . Significance was accepted at P ≤ 0.05. Stepwise polynomial regression (Zar, 1984) was used to test dose effect using the following model:
If sex effects or the interaction between sex and dose were significant, the differences between the groups and the regression were tested within sex groups. Because 10 birds per group may be too small to detect weak correlations, each measurement was standardized using (X ijk -X ij )/standard deviation, where X ijk is observation k in sex j and treated with dose i, and X ij is the mean of sex j treated with dose i. Next, the data were pooled for correlation analysis, regardless of inoculation dose and sex.
Infection Index
Infection indices (II) were calculated from correlated parameters. Body weight gain was considered as the primary parameter for II calculation. Parameters correlated with BW gain were included stepwise to determine whether the parameters affected the correlation of II with the parameters. An individual II is equal to the sum of difference between an individual parameter value and the mean of the group divided by the SD and multiplied with a factor. The factor, C, is +1 and -1 for the parameters negatively and positively correlated to BW gain, respectively. The calculation can be expressed as following formula: II = Σ { C × (individual value of a parametermean of the parameter in the group)/SD}, e.g., II = (oocyst -mean)/SD -(BWG6-9 -mean)/SD -(CRTN9 -mean)/SD + (IFN9 -mean)/SD + (NO9 -mean)/SD. An optimal formula was determined based on how well the indices correlated to the parameters.
RESULTS
Dosage and Sex Effects on Parameters
In the statistical model, there were no significant sex effects on oocyst shedding, CRTN6, and CRTN9 in the Means with different superscripts are significantly different (P < 0.05).
1 Oocyst = oocyst shedding between Days 5 and 9 postinfection; CRTN6 and CRTN9 = plasma carotenoid levels at Days 6 and 9, respectively.
infected or noninfected chickens (Table 1 ). The relationship between oocyst shedding and inoculation doses was linear (P < 0.001); however, both linear (P < 0.001) and quadratic (P < 0.03) terms were significant in the polynomial regression between dose and CRTN6 and between dose and CRTN9. Higher inoculation doses resulted in higher oocyst shedding, whereas lower values for CRTN6 and CRTN9 were found in chickens inoculated with higher doses.
Sex effects on BWG0-6, BWG0-9, BWG6-9, and IFN9 measurements in the statistical model were significant, and there were significant interactions between dose and sex on NO6, NO9, and IFN9 (Table 2) . Therefore, differences among the groups and the regression of dose effect were tested within sex. The differences in NO6 of the female chickens and IFN9 of males and females among the groups were significant. No significant differences were found between the groups in other measurements. There were linear relationships between dose and the measurements of NO9 (P < 0.05), BWG0-6 (P < 0.01), and BWG0-9 (P < 0.05) for females and INF9 (P < 0.01) and BWG0-9 (P < 0.01) for males. The relationships between NO6 and dose were quadratic (P < 0.001) for females. Both linear and quadratic terms were significant in the regression between dose and IFN9 in the females (linear and quadratic, P < 0.001) and between dose and BWG0-6 in the males (linear and quadratic, P < 0.02). There were no relationships with doses for NO6 (P = 0.7) and NO9 (P = 0.19) for males and for BWG6-9 in males (P = 0.08) and females (P = 0.06).
Correlation Among Parameters
When data from each treatment group was analyzed independently, correlation coefficients were not significant except those among oocyst shedding, NO6, CRTN6, CRTN9, and IFN9 (r > 0.60) for the males infected with 10 4 oocysts. When the data of infected chickens were standardized and pooled, oocyst shedding showed significant correlation coefficients (r = 0.35 and 0.25, respectively) with NO6 and CRTN9 (Table 3 ). The correlation coefficients of oocyst shedding with BWG6-9 and IFN9 were not significant (r = 0.2; P = 0.1). Among the parameters, except oocyst shedding, BWG6-9 was significantly correlated to CRTN6, CRTN9, and NO6 but not to IFN9 (r ranging from 0.22 to 0.29). All BW gain parameters were significantly correlated with BW0. The CRTN6, CRTN9, and NO6 concentrations were correlated to each other (r ranging from 0.37 to 0.66). The NO6 concentrations were also significantly correlated to NO9 and IFN9 (r = 0.36 and 0.31, respectively). When the standardized data were analyzed by sexes, the correlation coefficients among the parameters appeared to be smaller for females than for males. When the standardized data were analyzed by inoculation doses, the birds inoculated with 10 4 oocysts displayed a greater number of significant correlations, with much higher correlation coefficients, than those inoculated with other doses. The results were similar to these regardless of doses, but a greater number of significant correlations, with higher correlation coefficients (from 0.77 to 0.45), were found in the groups inoculated with 10 4 oocysts than other concentrations, regardless of dose (Table 3) . The groups inoculated with 10 4 oocysts also showed a significant correlation between oocyst shedding and Means with different superscripts are significantly different between the inoculation doses within sexes (P < 0.05). 1 BWG0−6 = BW gain between inoculation and 6 d postinoculation (PI); BWG6−9 = BW gain between Days 6 and 9 PI; BWG0−9 = BW gain between inoculation and 9 d PI; NO6 and NO9 = NO 2 − + NO 3 − levels in plasma collected at Days 6 and 9, respectively; and IFN9 = interferon-γ ELISA OD reading of plasma collected at Day 9 PI.
2
Sex effects on the measurements were significant (P < 0.05).
3
Interactions between dose and sex were significant (P < 0.05).
BWG6-9. Stepwise regression analysis showed that only the NO6 variable was significant in the model: BWG6-9 = NO6 + CRTN9 + oocyst shedding + IFN9.
Infection Indexes
Individual II were calculated from the groups inoculated with 10 4 oocysts because this challenge dose showed the most and largest significant correlation coefficients between the parameters. Although IFN9 was not significantly correlated to other parameters in this experiment, it was also included in the stepwise calculation of II. When BWG6-9 and one other parameter were included in the II calculation, the II showed significant correlation to all correlated parameters (Table 4) with r ranging from 0.51 to 0.96. As more parameters were included in II calculation, the correlation coefficients between the II and the parameter became stable. When all correlated parameters and IFN9 were used in the II calculation, II significantly correlated to all parameters with all correlation coefficients at least 0.82, except for IFN9, where r = 0.64.
DISCUSSION
In this experiment, we observed significant sex effects and an interaction between sex and inoculation dose in broiler chickens. Sex effects have not been included in most studies of avian coccidiosis. The data in this experiment show that there were fundamental differences between sexes in response to Eimeria inoculation. Therefore, the sex factor should be taken into account in the evaluation of disease resistance.
Dose effects were also observed in all parameters except NO9 in the statistical model. The linear terms for dose effects were significant for most parameters, and the quadratic terms were significant for some measurements in stepwise polynomial regressions. Oocyst shedding has been found to be positively correlative to inoculation doses (Lillehoj and Ruff, 1987) . Plasma carotenoid and BW gain were negatively correlated to inoculation doses (Conway et al., 1993 , Allen, 1997b . The NO 2 -+ NO 3 -concentrations were not infective dose-dependent when inoculation doses were low (Allen, 1997b) . The concentrations were positively correlated to inoculation doses with large number of oocysts (Allen, 1997a) , which were equivalent to doses in this experiment. Interaction between sex and dose existed for concentrations of NO 2 -+ NO 3 -and IFN-γ. In this experiment, the inoculation of 10 4 oocysts appeared to be the optimal dosage based on the correlations among the parameters and the regression analysis of the dose effects (linear and quadratic). The measurements might be time sensitive. Different challenge doses may display different response patterns of the parameters. Therefore, the optimal dose should be determined for certain sampling time in order to see the response patterns.
Correlations between some measurements have been observed in coccidia-infected chickens in other studies. Body weight gains were correlated with plasma color- Correlation coefficients and P-values above and below the diagonal are based on all infected groups and the group infected with 10 4 oocysts, respectively, with standardization.
2 BW0 = BW before inoculation; BWG0−6 = BW gain between inoculation and Day 6 postinoculation (PI); BWG6−9 = BW gain between Days 6 and 9 PI; BWG0−9 = BW gain between inoculation and Day 9 PI; oocyst = fecal oocyst production between Day 5 and 9 d PI; CRTN6 = plasma carotenoid level at Day 6; CRTN9 = plasma carotenoid level at Day 9; NO6 = NO 2 − + NO 3 − levels in plasma collected at Day 6; NO9 = NO 2 − + NO 3 − levels in plasma collected at Day 9; IFN9 = interferon-γ ELISA OD reading in plasma collected at Day 9 PI. ation in both sexes of different outbred chicken lines (Pinard-Van Der Laan et al., 1998) and with plasma carotenoid in broilers (Conway et al., 1993) . The correlation between weight gains and plasma carotenoid concentration was also observed in the present study. Plasma NO6 was positively correlated with oocyst shedding in this study, which agrees with a report that high oocyst-shedding SC chickens showed higher NO 2 -+ NO 3 -concentrations than low oocyst-shedding TK chickens (Allen and Lillehoj, 1998) . Inhibition of NO 2 -+ NO 3 -production resulted in lower oocyst shedding (Allen and Lillehoj, 1998) . = BW before inoculation; BWG6−9 = BW gain between Days 6 and 9 postinoculation (PI); oocyst = fecal oocyst production between Day 5 and 9 d PI; CRTN9 = plasma carotenoid levels at Day 9 PI; NO6 = plasma levels at Day 6; IFN9 = plasma interferon-γ at Day 9 PI. 2 II = Σ {(individual value of a parameter − mean of the parameter in the group) × C/SD}, where C is a factor. The factor is 1 for parameters positively correlated to oocyst counts and −1 for those negatively correlated to oocyst counts, e.g., GNCIO = (oocyst − mean)/SD − (BWG6−9 − mean)/SD − (CRTN9 − mean)/SD + (IFN9 − mean)/SD + (NO9 − mean)/SD. The letters G, N, C, I, and O represent that parameters BWG6−9, NO9, CRTN9, IFN9, and oocyst output were included in II calculation.
Chickens infected with E. maxima showed gradual increases in NO 2 -+ NO 3 -concentrations and decreases in carotenoid concentrations PI (Allen, 1997a,b) . A significant negative correlation between these two parameters was also observed in this study.
In terms of correlations among the parameters, BW gains from Days 6 to 9 PI showed a better correlation with other parameters than other weight gain measurements. Additionally, the BW gain in this period was also less correlated to initial BW, BWO. Therefore, this BW gain may be more useful for disease evaluation than the weight gains from Days 0 to 6 or Days 0 to 9 PI. Similarly, NO6 displayed correlations with other parameters, whereas NO9 did not. NO 2 -+ NO 3 -concentrations started to increase 3 d after infection and reached peaks at Day 5 PI (Allen, 1997a To date, there are no other reports about correlations between IFN-γ concentration and other parameters. In the present study, IFN-γ concentration at Day 9 PI was positively correlated to NO6 concentrations, and NO6 displayed a highly negative correlation with BWG6-9. Production of NO 2 -+ NO 3 -and INF-γ in serum increased during host response to infection of Eimeria Smith, 1992, Ovington et al., 1995) . The IFN-γ concentration may be very useful for evaluation of genetic resistance. In this experiment, only nine plasma samples in each group collected from Day 9 PI were used for IFN-γ measurement because of a shortage of plasma samples. Further investigations may yield a clearer understanding of this parameter.
It has been reported that one or two parameters measured from chickens with coccidiosis do not truly reflect the genetic resistance of an individual Millard, 1987, Caron et al., 1997) . Oocyst shedding, BW gain, and lesion score are the most common measurements for evaluating genetic resistance to coccidiosis. However, the low correlations between BW gains and lesion scores (Caron et al., 1997) and between gross and microscopic lesion scores (Idris et al., 1997) creates doubts of usefulness of lesion scores in evaluating genetic resistance. Body weight gain is considered not to be a sensitive measurement of coccidiosis. It usually requires large inoculation dosages to produce response (Conway et al., 1990) . In addition, genes controlling growth may influence body weight gain more than genes governing disease resistance. For example, in this study, there was a high correlation between BW gain and initial BW, BW0. If weight gain is the only parameter for genetic analysis of coccidiosis resistance, we may end up mapping genes controlling growth rather than genes involved in coccidiosis resistance. Oocyst production has been used as the indictor of susceptibility to coccidiosis in mice (Rose et al., 1996) and in chickens (Bumstead and Millard, 1992) . Although this parameter appears to be unique in avian coccidiosis, it is difficult to remove the technical error in sampling and counting. Therefore, inclusion of other correlated parameters may more accurately estimate the true status of genetic resistance to coccidiosis in an individual. Plasma carotenoid measurement was found to be a very sensitive parameter in avian coccidiosis, and it is considered an excellent indicator of intestinal physical integrity (Conway et al., 1990) . Oocyst production, NO 2 -+ NO 3 -concentrations at 6-d PI, and carotenoid concentrations were correlated to BW gains. These parameters may also be included to offset the disadvantage of using body BW as the only parameter, which is correlated to initial body weight, BW0. Body weight gain is the ultimate economic trait of broiler chickens for the poultry industry.
The combination of BW gain with other correlated parameters may serve as a better indicator of genetic resistance to coccidiosis.
Infection indices calculated in this study may be better reflective indicators of genetic resistance or susceptibility to coccidiosis. The II displayed much higher correlation coefficients with the correlated parameters than those among the parameters. The II estimation is still premature and subjective. The data were collected during a short experimental time. Further investigations of the relationships among the parameters and including new parameters will greatly improve the understanding of genetic resistance to coccidiosis.
